There is increasing clinical and molecular evidence for the role of hormones and specifically estrogen and its receptor in schizophrenia. A selective estrogen receptor modulator, raloxifene, stimulates estrogen-like activity in brain and can improve cognition in older adults. The present study tested the extent to which adjunctive raloxifene treatment improved cognition and reduced symptoms in young to middle-age men and women with schizophrenia. Ninety-eight patients with a diagnosis of schizophrenia or schizoaffective disorder were recruited into a dual-site, thirteen-week, randomized, double-blind, placebocontrolled, crossover trial of adjunctive raloxifene treatment in addition to their usual antipsychotic medications. Symptom severity and cognition in the domains of working memory, attention/processing speed, language and verbal memory were assessed at baseline, 6 and 13 weeks. Analyses of the initial 6-week phase of the study using a parallel groups design (with 39 patients receiving placebo and 40 receiving raloxifene) revealed that participants receiving adjunctive raloxifene treatment showed significant improvement relative to placebo in memory and attention/processing speed. There was no reduction in symptom severity with treatment compared with placebo. There were significant carryover effects, suggesting some cognitive benefits are sustained even after raloxifene withdrawal. Analysis of the 13-week crossover data revealed significant improvement with raloxifene only in attention/processing speed. This is the first study to show that daily, oral adjunctive raloxifene treatment at 120 mg per day has beneficial effects on attention/processing speed and memory for both men and women with schizophrenia. Thus, raloxifene may be useful as an adjunctive treatment for cognitive deficits associated with schizophrenia. TWW was responsible for conception of the project, wrote up and revised the protocol and ethics, coordinated the project, supervised the cognitive and symptom assessors and data collection, management, monitoring and analysis, performed SCIDs and wrote and edited the manuscript. DW analyzed the data and wrote and edited the manuscript. RW managed the database, contributed to data analysis and edited the manuscript. RL, SVC, DP, and DL performed SCIDs, reviewed SCID diagnoses, assisted with the recruitment, performed medical exams and edited the manuscript. AV administered cognitive and symptom assessments, performed SCIDs, assisted with data entry and edited the manuscript. MOD, BS and JC performed the medical exams, assisted with recruitment and edited the manuscript. CG supervised the Adelaide site, performed/reviewed SCIDs, assisted with recruitment, performed medical exams and edited the manuscript. RB performed SCIDs, assisted with recruitment, administered cognitive and symptom assessments, assisted with data entry, management and monitoring and edited the manuscript. VJC, JK and PRS assisted with conception of the project and edited the manuscript. CSW was primarily involved in the conception of the project, assisted with protocol and ethics construction, coordinated the project, supervised project in relation to data collection, management, monitoring and analysis and helped to write and edit the manuscript.
INTRODUCTION
For the majority of those diagnosed with the illness, schizophrenia is considered to be a debilitating mental disorder that often responds inadequately to existing antipsychotic medications. 1 One of the characteristics of schizophrenia that is least responsive to pharmacological treatment is cognitive impairment in the domains of memory and attention, 2 which are known to limit the vocational prospects and quality of life for people with schizophrenia. 3 Despite decades of research into the cognitive deficits of schizophrenia, there are no satisfactory pharmacological agents capable of restoring cognitive function. Thus, there is a great motivation to develop adjunctive agents or additional therapies that can address this unmet clinical need. 4 Given that abnormalities of prefrontal cortex and hippocampal function contribute to the cognitive deficits in schizophrenia, agents capable of restoring dysfunctional neuronal processes in these regions may be used to develop novel treatments for cognitive impairment associated with schizophrenia. Sex hormones are known to have beneficial effects in both cortex and hippocampus.
Sex hormones may influence the course of schizophrenia, as the onset of schizophrenia typically occurs in late adolescence. 5 We have shown that the adolescent sex hormones can change social interactions, sensory motor gating and hippocampal neurogenesis in nonhuman primates. [6] [7] [8] Furthermore, the age of onset, course of the illness, clinical presentation and response to treatment in people with schizophrenia is different in women compared with men. [9] [10] [11] [12] Women have a greater likelihood of developing first-episode psychosis or a symptom exacerbation when estrogen levels are low, such as during an estrogen trough in the menstrual cycle, post partum and around menopause. 9, [13] [14] [15] Conversely, schizophrenia symptoms can remit during pregnancy when estrogen and progesterone levels are high. 16 These observations have led to the hypothesis that estrogen may have a protective role against schizophrenia. In males, testosterone is converted to estrogen in the brain. A previous study found that testosterone was significantly lower in men with schizophrenia than in healthy males and that lower testosterone levels correlated with more severe negative symptoms. 17 We found that low normal testosterone levels in men with schizophrenia were related to poor cognitive performance and altered cortical neural activity. 18, 19 Thus, both estrogen and testosterone may modulate aspects of schizophrenia in both men and women.
There is a substantial body of scientific literature supporting the beneficial effects of estrogen in the brain that includes preservation of memory and attention. 20 In animal studies, restoration or augmentation of endogenous estrogen promotes neuronal growth, stimulates neuronal plasticity, increases synaptic spine density and neurogenesis and improves neuroprotection against excitotoxicity in cerebral cortex and hippocampus. [21] [22] [23] We and others have shown that estrogen receptors are localized to both pyramidal and non-pyramidal neurons in the human prefrontal cortex and hippocampus 24, 25 and we have identified many different splice variants of the estrogen receptor alpha, which potentially adds considerable diversity to how the human brain may respond to circulating estrogen. 26 Importantly, the estrogen receptor is altered in the brains of people with schizophrenia, involving both lower mRNA levels and/or failure to express the fully functional wild-type form of the estrogen receptor. 26, 27 Our molecular discoveries support and extend the estrogen hypothesis by showing that the blunted ability of the brain to respond to circulating estrogen may contribute to the pathophysiology of schizophrenia in both men and women. These molecular changes in the estrogen receptor suggest that the brain response to sex hormones in men and women with schizophrenia may be inadequate, a proposal that has been indirectly supported by our in vitro cell culture experiments. 27, 28 Our molecular findings coupled with the clinical observations noted above suggest that cognitive function in men and women with schizophrenia may benefit from stimulation of the estrogen signaling pathway in the brain. However, reversal of aging-related memory deficits via estrogen replacement strategies in healthy older females has yielded mixed results. 29 The influence of adjuvant estrogen on cognition in people with schizophrenia is generally under explored. One small, preliminary study reported significant improvements in verbal memory with estrogen replacement in postmenopausal women with schizophrenia, 30 whereas more recent studies with larger samples demonstrated mixed results of hormone therapy on cognition in premenopausal women with schizophrenia. 31, 32 Although studies of the effects of estrogen on cognition in schizophrenia are limited, several studies of estrogen therapy in schizophrenia have demonstrated significant symptom reduction in women with schizophrenia and proof of principle studies suggest that addition of estradiol may also be effective at accelerating symptom reduction in men with schizophrenia. 31, [33] [34] [35] [36] These studies are encouraging regarding the potential value of estrogen as an adjunctive treatment for both men and women with schizophrenia. However, estrogen can carry some risks 37 and there may be undesirable adverse events of long-term adjuvant estrogen in men. Thus, other treatments targeting the estrogen receptor that can specifically stimulate estrogen action in brain cells and be relatively free of adverse events in both men and women with schizophrenia are needed. One such agent is the selective estrogen receptor modulator raloxifene, which was shown to act as an estrogen receptor agonist in the brain (and bone) and antagonist in other tissues. 38 Raloxifene, a second-generation selective estrogen receptor modulator, is approved for use in the treatment of osteoporosis in postmenopausal women and for breast cancer in women and can have beneficial effects on brain function including increased cortical plasticity. 39, 40 Studies have reported that raloxifene at a daily dose of 120 mg preserved neural activity during a memory challenge in healthy aging men 41 and preserved cognition in postmenopausal women. 42 Recent clinical trials and case reports have shown that adjunctive raloxifene at 60 or 120 mg is beneficial for the treatment of positive, negative and general psychopathology symptoms in postmenopausal women with schizophrenia. [43] [44] [45] One recent study also suggests that adjunctive raloxifene administration at 60 mg per day improved memory and verbal fluency in a small cohort of postmenopausal women with schizophrenia. 46 However, to date, no clinical trials of raloxifene have been reported in young adult to middle-age men and women with schizophrenia. On the basis of our own findings that the action of estrogen receptors in brain may be blunted in males and females with schizophrenia and the previous studies showing beneficial effects of adjunctive raloxifene treatment on cognition in older men and women, we predicted that adjunctive raloxifene treatment at a daily dosage of 120 mg would improve cognitive deficits, particularly in the domain of verbal memory, and reduce symptoms in both men and women with schizophrenia.
MATERIALS AND METHODS Participants
People with schizophrenia. From the 478 potential patients across Australia (either responding to a national television program on schizophrenia research or recruited from local clinics) who were screened for participation in this study, 149 were excluded, 221 declined and 10 were lost to follow-up after completing the telephone screen, leaving a total of 98 patients with schizophrenia or schizoaffective disorder being recruited into two sites: either Neuroscience Research Australia, Randwick, New South Wales, Australia (27 females and 49 males) or the Northern Adelaide Local Health Network Mental Health Service, Adelaide, South Australia, Australia (11 females and 11 males). All participants were between 18 and 51 years of age and had been receiving antipsychotics for at least 1 year before entering the study (see Supplementary Table 1 for the frequency of people receiving each antipsychotic medication at entry into the trial and the parallel group analysis). A diagnosis of schizophrenia or schizoaffective disorder was determined using the Structured Clinical Interview for Diagnostic and Statistical Manual IV-TR Axis I Disorders 47 by a clinician trained in administration of the SCID which was confirmed independently by another clinician. Patients with a concurrent Axis I psychiatric diagnosis, a history of substance abuse or dependence (within the past 5 years), head injuries with loss of consciousness, seizures, central nervous system infection, untreated diabetes or hypertension, mental retardation or contraindications to the administration of raloxifene were excluded. Women were excluded if they were currently pregnant or were receiving hormone therapy and refused alternate forms of birth control. See Figure 1 for the CONSORT diagram.
Healthy comparison group. A group of healthy adults were also recruited for a one-time assessment to provide a baseline comparison group. Exclusion criteria consisted of a personal history of or a first-degree relative with a DSM-IV Axis I psychiatric diagnosis, history of substance abuse or dependence (within the past 5 years), head injuries with loss of consciousness, seizures, central nervous system infection, untreated diabetes or hypertension or mental retardation. Eighty-seven healthy adults (41 females and 46 males) between 20 and 50 years of age met criteria for entry into the comparison group. Nineteen of the total healthy controls were recruited from Adelaide and 68 were recruited from the Sydney area.
All participants provided informed written consent before entering the study, which was conducted under protocols approved by the University of New South Wales (07/121 and 09/187), South Eastern Sydney and Illawarra Area Health Service (07-259) Human Research Ethics Committees and the Queen Elizabeth Hospital Ethics and Human Research Committee, Adelaide (2010188). The trial was registered with the Australian and New Zealand Clinical Trials Registry, registration number: ACTRN12608000461392, with the primary and secondary outcomes of cognitive (immediate and delayed story recall, working memory and verbal fluency) and symptoms measures (positive and negative symptoms), respectively.
Trial design
A 13-week, randomized, double-blind, crossover, placebo-controlled trial was conducted in which patients alternated between receiving adjunctive 120 mg per day of encapsulated raloxifene HCl orally and a placebo (encapsulated lactose) in addition to their currently prescribed antipsychotic medication. Encapsulation of raloxifene and placebo in addition to all quality assessment/control testing (including cleaning validation and International Conference on Harmonization stability trials) of the compound over the duration of the study was performed by IDT Australia, Victoria, Australia. Following the first 6-week period of the trial, all patients entered a 1-week 'washout' (raloxifene half-life = 27.7 h). 48 After the washout, all patients then entered the second 6-week period of the trial consisting of the alternate treatment (raloxifene or placebo). Assessments were made at baseline and at the end of weeks 6 and 13 by a psychologist or psychometrician trained in administration and scoring. Patients were monitored throughout the trial for the occurrence of adverse events. All participants and study personnel were blind to the adjunctive treatment status. The Prince of Wales Hospital Pharmacy Clinical Trials Unit used a computer generated randomization schedule to assign patients to the raloxifene-placebo or placebo-raloxifene treatment order conditions.
Treatment compliance and adverse events
At completion of the first and second period of the study, participants returned any remaining pills. Compliance was assessed based on the percentage of tablets returned. All patients with treatment compliance below 80% (total n = 9, period 1: 3 placebo, 1 raloxifene; period 2: 3 placebo, 2 raloxifene) were excluded from the analyses (see Figure 1 ). All adverse events were recorded during the 13 weeks of the trial.
ASSESSMENTS

Cognitive assessments
At baseline only, all participants were administered a four subtest version of the Wechsler Adult Intelligence Scale-Third Edition (WAIS-III) 49 (consisting of Arithmetic, Similarities, Picture Completion and Digit Symbol subtests) as an estimate of current IQ, and the Wechsler Test of Adult Reading (WTAR) 50 as an estimate of premorbid intelligence. Additional cognitive assessments were performed at baseline and at the end of 6 and 13 weeks of treatment for all patients. Working memory, verbal fluency, attention/perceptual-motor processing speed and verbal memory were assessed using the WAIS-III Letter-Number Sequencing (LNS), the Controlled Oral Word Association Test (COWAT) letter fluency, 51 Form A of the Trail Making Test (TMT-A) 52 and Logical Memory I and II (LMI and LMII) of the Wechsler Memory Scale Revised, 53 respectively. Identical versions of LNS and TMT-A and alternate versions of the COWAT letter fluency and LMI and II were administered at each assessment. TMT-A was incorporated into the battery after initiation of the trial, which resulted in a lower total number of patients completing this measure.
Symptom, emotional and functional assessments Symptom severity was assessed in patients at baseline and after 6 and 13 weeks of treatment using the Positive and Negative Syndrome Scale (PANSS). 54 Inter-rater reliability for the PANSS scoring was high with an average intraclass correlation coefficient of 0.90. Negative emotional states, daily function and quality of life were assessed with the 21-item version of the Depression Anxiety and Stress Scale (DASS), 55 the Short Form 36 Version 2 Health Survey questionnaire (SF-36v2) 56 and the Schizophrenia Quality of Life Scale (SQLS), 57 respectively.
Whole-blood assays
Fasting peripheral blood was taken between 0900 and 1100 hours to control for alterations in hormone levels due to circadian variations. Immediately following collection, clotted and heparinized blood was delivered on ice to the pathology service at each site. A hormone panel (consisting of follicle-stimulating hormone and luteinizing hormone) and a coagulation panel, consisting of a prothrombin time test, international normalized ratio and the antithrombin III deficiency test, were assayed at baseline in patients and controls and after 6 and 13 weeks of treatment in patients. Blood measures were reviewed by two to three medical doctors for changes in values that were outside the clinically normal range.
Statistical analyses
Data analysis was performed using IBM SPSS 22 for Windows. Baseline demographics were compared between treatment order conditions in patients using t-tests, Wilcoxon rank-sum tests or χ 2tests as appropriate. Where possible, age-and sex-scaled scores were used for the cognitive tests and all cognitive test scores were standardized into z-scores relative to healthy participant means and s.d.
Period effects, defined as a change affecting an entire cohort that is related to a particular period of time (that is, first 6 weeks or second 6 weeks), were assessed using paired t-tests comparing period 1 with period 2 difference scores (week 6 minus baseline versus week 13 minus week 6 for each outcome variable) collapsing across treatment conditions. Potential carryover effects, defined as an effect that is retained or persists from one treatment condition to the other, were determined for each outcome measure using independent t-tests comparing the raloxifene/ placebo group to the placebo/raloxifene group on the sum of their period 1 and period 2 difference scores. 58 Owing to the evidence of carryover and period effects in our preliminary analyses (see Results), we initially analyzed for primary treatment outcomes using a parallel groups design from baseline to the end of week 6 and then secondarily analyzed using the full crossover design. To assess the treatment effects on cognition in the first 6-week phase only, a mixed multivariate analysis of variance (MANOVA, with LNS, LMI, LMII, and COWAT as dependent variables) were performed with time (baseline and after week 6) as the within-subject factor and treatment condition (raloxifene versus placebo) as the between-subjects factor. As TMT-A was not available in the entire sample, the analysis of treatment effects on TMT-A was performed separately using a mixed ANOVA with TMT-A as the dependent variable. Symptom severity, emotional and functional measures were each separately analyzed for treatment effects using a series of mixed (M)ANOVAs (a mixed MANOVA for PANSS positive, negative and general; a mixed MANOVA for DASS depression, anxiety and stress; a mixed ANOVA for SF-36v2 total and a mixed ANOVA for SQLS total). Post hoc Fisher least significant difference pairwise comparisons were used to identify specific significant effects after obtaining significant overall (M) ANOVA results and correction for multiple comparisons were performed on the cognitive and symptom pairwise comparisons separately using the Holm-Bonferroni method to control the familywise error rate. Effect size calculations were measured as Cohen's d. Given that sex differences in raloxifene treatment was not the main question we set out to address and our study was not designed to assess sex related differences in raloxifene treatment, we did not use sex as a grouping factor in the main analyses; however, we did perform supplementary analyses using sex as a grouping factor in the parallel group design.
To assess the overall crossover design results, difference scores were calculated for each outcome measure for each phase (period 1: week 6 score minus baseline score, period 2: week 13 score minus week 6 score). These difference scores were combined for the raloxifene and placebo conditions, regardless of the period. Treatment effects on cognition were analyzed using a repeated measures MANOVA (with LNS, LMI, LMII and COWAT as dependent variables) and a repeated measures ANOVA (with TMT-A as a dependent variable) with treatment condition (raloxifene versus placebo) as the within-subjects measure. Treatment effects for symptom, emotional and functional measures were analyzed using separate repeated measures MANOVAs (for PANSS and DASS) and repeated measures ANOVAs (for SF36-v2 and SQLS) with treatment condition (raloxifene versus placebo) as the withinsubjects factor.
Defining responders
Responder analysis for the cognitive measures from baseline to 6 weeks was performed using the Jacobson-Truax Method of defining clinically reliable change with cutoff formula c. 59 Reliable change index measures used healthy control test-retest reliability values from the WAIS-III and WMS-III technical manuals (for LMI, LMII and LNS) 49, 53 and from Williams et al. 60 (for COWAT and TMT-A). Any patient who met the criteria of the Jacobson-Truax method, which includes a significant change from baseline and meeting or exceeding a calculated threshold, on any of the five cognitive outcome measures was considered a 'cognitive responder'. For symptom measures, response to treatment was defined as a 20% improvement on any symptom measure score as suggested by Kane et al. 61 Patients were grouped into two categories, the 'symptom responders' with ≥20% symptom severity reduction and 'symptom non-responders' who showed o20% symptom severity reduction. χ 2 -tests were run to determine whether the number of patients showing improvements was significantly different in either treatment condition and Number Needed to Treat calculations were used to determine the effectiveness of the intervention.
RESULTS
Demographics and baseline scores
Demographics and baseline scores for the treatment groups based on assignment order (that is, raloxifene-placebo versus placebo-raloxifene) are shown in Table 1 . The treatment assignment order groups differed significantly at baseline on age of disease onset and TMT-A scores. However, these differences were relatively small, that is, less than 3 years of age and less than 20% difference in performance, respectively. There were no other significant differences between assignment order groups. Thus, no significant difference between the treatment order groups in relation to PANSS-positive and -negative symptom severity scores and other variables suggests that our study was consistent with the recommendations provided in relation to controlling for potential concurrent changes in symptoms and cognition. 62 See Supplementary Table 2 for the means and s.d. in relation to the demographic and cognitive variables in the healthy participant group.
General outcomes of blood analyses, compliance and adverse events Blood analyses revealed statistically significant main effects of treatment, but no clinically relevant differences on the hormone and coagulation panel measures between the raloxifene-and placebo-treated groups (see Supplementary Table 3 ). Total compliance for period 1 of the trial was 95.2% (n = 79) and 88.8% (n = 71) for period 2. There were no significant differences between the frequencies of adverse events occurring at greater than or equal to 3% in patients during raloxifene versus placebo treatment phases (see Table 2 ). Throughout the course of the study, there were no serious adverse events or suspected unexpected serious adverse reactions that were attributed to the study medication. There were two serious adverse events (a pneumothorax and a seizure) that occurred during administration of raloxifene, which resulted in discontinuation from the study for each participant; however, in each case, the primary care treatment team determined that these serious adverse events were unlikely to have resulted from the administration of raloxifene.
Period and carryover effects There were significant period effects in the difference scores for the cognitive, symptom and functional measures (see Supplementary Table 4 ). Difference scores (improvement) in the second 6 weeks (period 2 of the trial were significantly less than during the first 6 weeks (period 1) for LMI, PANSS positive, general, and total, and SF36-v2 total scores. Assessment of the carryover effect amongst individual cognitive, symptom, emotional and functional measures showed significant carryover effects for LMI, LMII and TMT-A (see Supplementary Table 5 and Supplementary  Figure 1 ).
Parallel groups design analysis of cognitive measures
Given that the carryover effects reported above may interfere with attempts to detect treatment effects in the full crossover design analysis, we performed a separate analysis of the treatment outcomes at the end of the first 6-week period in 40 patients receiving raloxifene versus 39 patients receiving placebo using a parallel groups design to determine the effects of raloxifene without the potential confound of carryover or period effects. In this analysis, patients receiving raloxifene showed significant improvement on measures of cognition relative to the placebo group. Results of the mixed (M)ANOVAs for the cognitive test scores showed significant treatment condition by time interactions (combined cognitive tests treatment x time Wilks' Lambda = 0.9, F(4,74) = 2.7, P = 0.04; TMT-A treatment x time Wilks' Lamda = 0.9, F(1,55) = 6.0, P = 0.02), see Table 3 . Follow-up, protected post hoc least significant difference tests with Holm-Bonferroni corrections to control for familywise error rate in Table 3 show significant increases for raloxifene relative to placebo treatment in relation to LMI (Po 0.001), LMII (P o 0.001) and TMT-A (P o0.001), in which all survived correction for multiple comparisons. Medium to large effect sizes were obtained for raloxifene treatment relative to placebo, with effect sizes of 0.64 for LMI, 0.62 for LMII and 0.59 for TMT-A (see Table 3 ). Univariate results from the combined cognitive measures MANOVA indicated a significant interaction for the COWAT measure, where the raloxifene treated group improved and the placebo-treated group declined, but nonsignificantly from their own baselines. Changes across all cognitive measures are displayed for the first 6 weeks of the trial in Figure 2 .
See Supplementary Tables 6 and 7 for the results of our supplemental analyses of the effects of raloxifene on cognition that includes sex as a grouping factor and shows (in addition to confirming our main effects of raloxifene on memory and cognition) a significant interaction between sex and raloxifene treatment on verbal fluency in which females but not males show improvement in verbal fluency with raloxifene.
Parallel groups design analysis of symptom, emotional and functional measures Results of repeated measures (M)ANOVAs with treatment group as the independent variable and symptom severity, emotional and functional scores as dependent variables did not show any significant effects (see Table 3 ).
Responders analysis
Of the 40 patients administered raloxifene during the first 6-week period of the trial, 16 (40%) showed clinically reliable change on one or more cognitive measures compared to only 6 out of 39 patients (15%) in the placebo condition. The cognitive measures of Logical Memory I and II showed clinically reliable change with the responders (see Supplementary Table 8 ). The χ 2 -test of treatment response between the raloxifene and placebo groups showed a significant difference, χ 2 (1) = 5.6, P = 0.02, with a Number Needed to Treat of 4 needed to improve cognition with raloxifene over 6 weeks. χ 2 comparison did not reveal any significant differences in relation to treatment conditions for patients with ≥20% symptom score reduction versus o 20% symptom score reduction (see Supplementary Table 9 ). χ 2 -tests comparing responders and non-responders on one or more symptom, emotional and functional measures revealed no significant differences between raloxifene and placebo conditions and the odds ratio for response Symptoms occurring in ⩾ 3% of patients; patients can be accounted for more than once, as they may experience multiple symptoms. Adverse events were analyzed for the full crossover trial. Occurrences of adverse events were coded into low-level terms and system organ class using the Medical Dictionary for Regulatory Activities (MedDRA). Fisher's exact tests were used to compare the frequency of a given adverse event and system organ class occurrences (⩾3%) between treatment conditions (raloxifene versus placebo) with period I and period II of the crossover trial combined. Blood measure variations over each period were simplified into two categories: 'abnormal change' (a change deviating from the normal range) or 'no abnormal change' (no change or changes within the normal range). Periods I and II were combined and the resulting frequencies were compared between raloxifene and placebo condition. Three patients were withdrawn for acute adverse events that were later determined to be unrelated to treatment and seven individuals discontinued due to feelings of adverse symptomatic changes (four were in the raloxifene condition at the time of discontinuation). There was no significant difference in adverse events that occurred in ⩾ 3% patients between the raloxifene and placebo condition.
to raloxifene treatment on the symptom measures was 1.0 (confidence interval = 0.3-2.2).
Crossover design analysis results
Treatment effects for the full 13-week crossover trial design revealed a significant treatment effect only on TMT-A, Wilk's Lambda 0.9, (1,47) = 4.3, P = 0.04, where the raloxifene condition showed a significant benefit, mean difference (s.d.) = − 0.5, (1.0), relative to placebo, mean difference (s.d.) = − 0.1, (0.7), see Supplementary Table 10 . The crossover design analysis did not show any other significant effects of raloxifene in relation to cognitive, symptom, emotional or functional measures.
DISCUSSION
Our primary results based on the parallel group design analysis demonstrates for the first time that adjunctive treatment with raloxifene at 120 mg daily in both men and women with schizophrenia is associated with cognitive improvements in verbal memory and attention/perceptual-motor processing speed. Relative to a placebo group, patients receiving raloxifene at 120 mg daily showed both statistically and clinically significant changes in cognition. These cognitive improvements support the hypothesis that raloxifene can be used as a novel therapeutic agent to ameliorate cognitive deficits in both men and women with schizophrenia.
There have been few drug treatment options to reverse cognitive deficits related to schizophrenia. Cognitive impairment in schizophrenia is an important issue, as it can negatively influence the ability to function socially and maintain employment. 3, 63 A recent review of clinical trials conducted before April 2011 for cognitive- TMT-A results are inversed for comparability. Improvement on memory, attention/processing speed, and verbal fluency (COWAT Controlled Oral Word Association Test) were significantly greater in the raloxifene treatment condition relative to the placebo treatment condition (brackets). There was no significant difference between raloxifene and placebo conditions for Wechsler Adult Intelligence Scale 3rd Edition Letter-Number Sequencing (LNS) test.
enhancing drugs in schizophrenia showed meager findings. 64 Of 118 trials analyzed, only 61 were completed and five had interpretable outcomes with sufficient effect sizes to support their findings. Galantamine and minocycline have been the only reported medications to show some cognitive efficacy, although both treatments displayed only small effect sizes in the range of 0.29-0.37. 65, 66 These novel treatments for cognitive deficits in schizophrenia do not act as traditional dopamine D2 receptor antagonists. However, galantamine and minocycline are not widely used as there are questions regarding efficacy and safety. Thus, the finding of a beneficial effect of raloxifene on cognitive abilities in both men and women with schizophrenia is of particular interest since it is relatively safe for use, with few adverse events requiring discontinuation as in our sample (see Table 2 ), when careful screening is performed to minimize the risk of potential severe adverse events. Other studies of postmenopausal women with schizophrenia, non-psychotic premenopausal women and men within the age range of participants in our study have also reported that the use of raloxifene was relatively safe and generally well tolerated. 43, 45, 46, 67, 68 Although the potential for developing blood clots is a serious concern with raloxifene treatment, the risk of blood clot with raloxifene would appear to be comparable to the risk of clot with the use of some forms of oral contraceptives, although the risks in males have not been well established. Estrogen has been associated with improved memory and attention in multiple studies of non-psychotic men and women, although there are exceptions. 69, 70 Our results are consistent with findings of estrogen-promoted increases in synaptic spine density in the hippocampus and prefrontal cortex, regions linked to memory and attention. 21, 22 Therefore, our findings of cognitive improvement on measures of logical memory, which has been linked to hippocampal integrity, and form A of the trail making test, which has been associated with prefrontal activation, 71, 72 have support from both basic neurobiology and from work in other human conditions. The effects of raloxifene on memory and attention are consistent with previous studies of hormone and hormone modulators on cognition and in particular on verbal memory. Our effect size of 0.64 for raloxifene treatment on verbal memory in men and women with schizophrenia was comparable to the effect sizes of 0.74 and 0.69 for long-term recall and continuous long-term recall during a verbal memory test in older men who displayed mild cognitive impairment and received estradiol for 12 weeks. 73 Although estrogen therapy has been similarly linked to better performance on verbal fluency tasks 74 and raloxifene treatment in particular has been related to better verbal fluency in postmenopausal females with schizophrenia, 46 we did not find a significant improvement in the raloxifene condition from baseline to 6 weeks on verbal fluency when examining men and women combined. However, we did find a significant difference in the direction of change in verbal fluency between the raloxifene and placebo group during period 1, with the raloxifene group improving and the placebo group declining. Although placebo group decline is not easily interpreted, it is possible that the decrease in performance in the placebo group, despite a known practice effect, was due to increased difficultly on the alternate COWAT form used at 6 weeks by comparison with the form used at baseline. 75 In addition, in our supplemental analysis using sex as a grouping factor, we did show a significant interaction between sex and raloxifene treatment in which females showed a benefit of raloxifene on verbal fluency, but here again the placebo female group showed a decline in fluency.
Despite the improvements in cognition, our study did not find a significant difference between effects of raloxifene and placebo on symptom, emotional or functional measures. Previous studies of postmenopausal women with schizophrenia have shown beneficial effects of adjunctive raloxifene treatment on symptom severity assessed by PANSS. 43, 45 Similarly, adjunctive estrogen treatment studies have shown significant symptom reduction primarily in women with schizophrenia, although there was at least one study showing that estrogen administration reduced symptoms in men with schizophrenia. 15, 31, [34] [35] [36] The results of our present study do not support a generalized beneficial effect of raloxifene on symptoms in men and women with schizophrenia. Our patient sample was mildly to moderately ill based on PANSSpositive and -negative symptom scores and clearly had room for symptom reduction. However, equal percentages of patients in both raloxifene and placebo conditions showed symptom improvement after 6 weeks of treatment.
There are a number of limitations to our study. One limitation may have been the recruitment of patients displaying mild to moderate symptom severity on the positive and negative symptom assessment, although these patients did have room for further symptom severity reduction. Recruitment of patients without comorbidity would limit the generalizability of our results; however, the aim was to determine the extent to which adjunctive raloxifene improves cognition in schizophrenia and we also wanted to be certain to limit the risk of adverse events. Having a smaller sample size with treatment group baseline differences for the Trail Making Test and period and carryover effects are also potential limitations; however, in spite of all these factors that could have generally worked against finding a significant difference between treatment conditions, we still obtained significant effects in both the parallel group and crossover design analyses. Allowing administration of concomitant medications (for example, benzodiazepines) that may interfere with cognitive function would also be a potential limitation. However, the number of patients receiving this class of medications were relatively few and given that the number of participants receiving this class of medication was larger in the raloxifene treatment first period, the ability to find a significant beneficial effect of treatment should have been diminished in our parallel groups analysis, yet, strong, significant beneficial effects of treatment were still demonstrated. Another limitation may pertain to a concurrent change in symptoms and cognition; however, although mean symptom severity improved (for positive and general symptoms) in the raloxifene treated group, we found there was also the same or a greater degree of mean improvement in the placebo-treated group (as per Table 3 ). Thus, there did not appear to be an undue influence of symptoms that would be responsible for our observed beneficial effect of raloxifene on cognition. Use of a crossover design was a limitation. Crossover trials are appropriate for studies of populations with a chronic illness, where the treatment effects washout quickly, and the outcome being measured may be quickly 'reversible.' Although schizophrenia is a chronic illness, raloxifene does have a reasonably short half-life, and cognitive and symptom measures were expected to return to near baseline with discontinuation of treatment in schizophrenia; this seems not to have been the case. Given that raloxifene modulates the hormonal estrogen receptor and hormones may propagate long-term effects such as changing gene expression, which promotes neuronal protection, synaptic growth and reduces neuroinflammation; 22,23 raloxifene may produce longer-term "carryover" effects. In future studies, raloxifene should be assessed in larger parallel group design trials over a longer duration of treatment with continued assessment after discontinuation of treatment. Treatment with raloxifene for a longer duration would be expected to be relatively safe given that the highest risk of deep vein thrombosis has been reported to be during the initial months of treatment as per the package insert. 48 Also, studies of raloxifene in first-episode psychosis may be warranted as improving cognitive deficits at an early stage of the illness may improve overall prognosis.
In conclusion, our findings from a relatively large sample of men and women with schizophrenia demonstrate for the first time that adjunctive administration of raloxifene at 120 mg per day can improve cognitive outcomes particularly in the domains of verbal memory and attention in both men and women with schizophrenia. These findings also support the hypothesis of an estrogen-related disease model of schizophrenia and provide a potential novel treatment for cognitive deficits in both men and women with schizophrenia.
